Abstract : This paper addresses switching controller design for hybrid electric vehicle systems. The merit of using switching control scheme is that sub-controllers specialized for various driving conditions improve the fuel efficiency. A simultaneous perturbation stochastic approximation (SPSA) based method is used to optimize the design parameters of the switching controller. The design method is applied to the JSAE-SICE benchmark problem which are developed using GT-SUITE of Gamma Technologies, Inc. and integrated with Simulink / MATLAB. Experimental results illustrate that the proposed controller can achieve almost 47% improvement in fuel efficiency, compared with the sample controller of the benchmark problem.
Introduction
Nowadays, hybrid electric vehicles (HEV's) have been attracting attention as fuel efficient vehicles, compared to conventional internal combustion engine vehicles. As a result, some joint researches from automotive and control communities are now focusing on the fuel consumption optimization problem. For instance, a technical committee from JSAE (Society of Automotive Engineers of Japan), SICE (The Society of Instrument and Control Engineers) and Japanese automobile industry have developed a benchmark problem for fuel consumption optimization using the hybrid powertrain simulator. The detail of their work has been reported in [1] .
So far, many techniques have been proposed for HEVs controller design. In [2] , the engine torque and gear number are considered as control inputs and the optimal control has been studied for a simplified model of HEVs. An equivalent consumption minimization strategy (ECMS) has been proposed by [3] where an equivalence factor between fuel energy and electrical energy has been derived. In [4] , a hybrid powertrain model has been developed to operate in multiple driving modes. They have used a dynamic programming algorithm to find an optimal sequence of driving modes such that the overall fuel consumption is minimized. Besides that, various fuel optimization problems based on model-free tuning methods also have been proposed in [5] - [10] where directed rectangles, simulated annealing and genetic algorithm [5] , multi-objective Genetic Algorithms [6] , composite particle swarm, genetic algorithm and downhill-simplex [7] , simultaneous perturbation stochastic approximation method [8] , [9] and sequential approximate optimization (SAO) [10] have been applied. However, the above results are for non-switching controllers. On the other hand, it is expected to improve the performance if one has several controllers and switches them depending on driving conditions. This idea must be promising especially for commuting hybrid electric vehicles in the benchmark problem [1] .
This paper addresses switching controller design for hybrid electric commuter vehicles of the benchmark problem [1] . A model free tuning method [8] based on simultaneous perturbation stochastic approximation (SPSA) is utilized to optimize the design parameters for every switching mode simultaneously so that the fuel consumption is minimized and the driver's satisfaction is kept higher than 90%. Consequently, we obtain the fuel efficiency 25.85 km/L, which is the best result in the benchmark problem at present, as shown in Table 1 .
The rest of the paper is organized as follows. Section 2 provides a description of the benchmark problem which consists of the hybrid electric vehicle system and the evaluation of its performance. In Section 3, the motivation of using a switching controller and the controller class for the HEV system are explained. Then, the benefit and methodology of the SPSA based algorithm are also discussed in the same section. The implementation of the proposed method for obtaining the optimal parameters of the switching controller is presented in Section 4. The analysis of the designed controller's properties in minimizing the fuel consumptions is presented in Section 5. Finally, some concluding remarks are given in Section 6.
Note that this paper is based on [11] (the master thesis of one of the authors) and is a fully generalized version of it. On the other hand, a result of switching controller design has been independently proposed in [12] at almost the same time. There, a model-free approach based on the particle swarm optimization has been developed. However, it is known that, in general, the particle swarm optimization does not have good performance in the case where there are many tuning parameters. In contrast, we use a different approach based on the SPSA which gives more efficient results as shown in Table 1 . It is also noted that the proposed switching controller has recorded almost 3% improvement of fuel efficiency as compared to the existing results [8] and [12] .
Notation: The symbols R and R + represent the set of real numbers and the set of positive real numbers, respectively. For Table 1 Fuel efficiency comparison for benchmark problem [1] .
Result
Approach Fuel efficiency
Optimize non-switching Baba et. al [8] 25.41 km/L controller using SPSA Optimize non-switching Ahmad et. al [9] 22.55 km/L controller using SPSA Optimize non-switching Hagura et. al [10] 24.82 km/L controller using SAO Optimize switching Yamazaki et. al [12] 25.43 km/L controller using PSO Optimize switching This paper 25.85 km/L controller using SPSA the random variable V, the probability of event V = a is represented by P(V = a). For δ ∈ R + , sat δ : R n → R n denotes the saturation function whose i-th element given as follows:
where x ∈ R n and x i ∈ R is the i-th element of x.
Benchmark Problem: Optimizing Fuel Consumption of the Hybrid Electric Vehicles
This section summarizes the HEV system and its performance evaluation in the benchmark problem [1] .
Hybrid Electric Vehicles System
First, we summarize the HEV system according to [1] . In general, HEVs based on split type hybrid powertrain are comprised of two energy sources for their propelling which are electric motors and an internal combustion engine. Figure 1 illustrates the system of the benchmark problem. A planetary gear set is used to split power between two electric motors and an engine. Electric motor 1 and motor 2 are connected by the planetary gear set, while the engine is connected to the planetary carrier. The energy from the engine and electric motors are used to drive the vehicle and the surplus energy in the engine can be converted to charge the battery. In addition, the electric motors also provide an ability to recover kinetic energy during braking phases and use for charging energy to a battery. The block diagram of the control system for this benchmark problem is depicted in Fig. 2 and the reference input r, control input u and output y are summarized as follows. 
Target throttle-angle of engine (%) u 3 Engine ignition flag u 4 Engine start-up flag u 5 Torque required to motor 1 (Nm) u 6 Power required to motor 2 (kW) u 7 Generation power required to battery (W)
Instantaneous fuel consumption (L) y 3 Demanded driving power (kW) y 4 Demanded braking power (kW) y 5 Corrected demanded power (W) y 6 Engine speed (rpm) y 7 Engine torque (Nm) y 8 Engine power (kW) y 9 Motor 1 revolution speed (rpm) y 10 Moreover, the actual data of the driver and HEV system is embedded in GT-SUITE of Gamma Technologies, Inc., which is integrated with the controller in Simulink / MATLAB for the research purposes. In this benchmark problem, a sample controller is provided and its fuel efficiency is 17.63 km/L for a three-week driving data (80420 s). Please see [1] for the detail of the benchmark problem.
The important feature of this HEV system is the inclusion of an actual driver behavior and HEV system with different driving conditions such as traffic jam and weather conditions. In addition, the data are based on three-week data (very long data) whereas the user commutes from house to the office on weekdays and goes on a holiday trip on weekends. Note that, in this benchmark problem, we only can access the controller environment in Simulink / MATLAB without knowing the actual model of the HEV system. Therefore, the design of the controller is a very challenging task.
Performance Evaluation
In the benchmark problem, the fuel efficiency and the driver's satisfaction are two important criteria. The fuel efficiency F c (P, K, r, T ) is defined as
where
] are the time intervals to evaluate the fuel efficiency, N is the number of the time intervals. The denominator is the total fuel consumption and the numerator is the total running distance. Next, the driver's satisfaction S d (P, K, r, T ) can be represented as
This quantifies the difference between the actual vehicle speed and the reference speed. Then, the benchmark problem can be described as follows.
Problem 2.1 For the system P in Fig. 2 , assume that the reference input data, r(t) (t ∈ [0, 80420]) is given. Then, find a controller K such that the driver's satisfaction is more than 90, i.e., S d (P, K, r, (0, 80420)) > 90 and the fuel efficiency F c (P, K, r, (0, 80420)) is maximized.
Switching Controller Design Using Simultaneous Perturbation Stochastic Approximation
This section presents the main idea to solve Problem 2.1. We first highlight the motivation of using a switching controller. Next, the controller class is presented. Finally, the model-free design based on SPSA algorithm is described.
Motivation of Using Switching Controllers
The driving data in the benchmark problem [1] include a kind of similarity in its data. Figures 3-6 show examples of the driving data and this phenomena can be clearly illustrated in these figures where the similar pattern can be observed when the HEV system is commuted from the home to the office and vice versa on weekdays. Notice that the driver always faces traffic jam when going to the office on Monday as shown in Fig. 3 . It is also observed that the vehicle speed is recorded around 10 km/h to 20 km/h during the traffic jam. Then, we can obtain a similar pattern on Wednesday as shown in Fig. 4 . In contrast, since there is no traffic jam when returning to the home on weekdays, we also can obtain another pattern as shown in Figs. 5 and 6. It is shown that the vehicle speed is recorded around 50 km/h to 60 km/h in the both cases. These examples show that we can obtain several kinds of similar patterns in the driving data and the variation of the vehicle speed is different depending on the direction (to the office or to the home), the day of the week, the weather, and so on. A part of the driving data is depicted in Table 2 . Therefore, if we switch some controllers depending on the driving conditions, higher performance would be obtained. This fact motivates us to employ a switching controller for Problem 2.1. Figure 7 shows the proposed switching controller diagram where m is the number of the sub-controllers to be switched, 
Controller Description
n are the design parameters and u ( j) (t) ( j = 1, 2, ..., m) are the controller outputs. This switching controller is denoted by K S W .
Next, it is assumed that the HEV system equips appropriate sensors to measure r i (t) (i = 1, 2, ..., 5). Then, the information from the sensor is used as a switching condition of the controller K S W . That is,
do not become non-positive at the same time.
Model-Free Design
In this section, it is presented how to effectively optimize the design parameters of the switching controller by using the SPSA method. The essential feature of the SPSA is the gradient approximation with not the objective function but two measurements of the objective function [13] . Therefore, this optimization method is an efficient way to solve the benchmark problem. In this study, the improved SPSA algorithm proposed by [8] is adopted. The detail of the algorithm is summarized in Appendix A.
Based on the SPSA algorithm in Appendix A, our design procedure is summarized as follows:
Step 1: Determine the number k max of the maximum iterations.
Step 2: Determine T , that is, m segments of driving data which is used to evaluate the objective function in this design process. Perform the modified version of the SPSA algorithm in Appendix A, where the update law (A.2) is replaced with (A.5), for the objective function
where φ is a kind of penalty function that can be written as
Note that the objective function is constructed with the two important criteria of the benchmark problem as described in Section 2.2.
Step 3: After k max iterations, the optimal design parameters of the switching controller x ( j) (k max ) ( j = 1, 2, ..., m) are applied to the actual three weeks driving data r(t) to evaluate the total fuel efficiency F c (P, K S W , r, (0, 80420)) and driver's satisfaction S d (P, K S W , r, (0, 80420) ).
Remark 3.1 Note that the driving data for evaluating objective function is developed by arbitrarily selecting a part of the target vehicle speed data from the benchmark problem [1] such that it produces m patterns of driving data with a short driving period.
Implementation and Results
In this section, we first discuss the method to determine the suitable switching modes. Then, the proposed design scheme is demonstrated and tested in the environment [1] of the HEV system in GT-SUITE software which is integrated with Simulink / MATLAB.
In general, a large number of modes would normally increase the performance of the switching controller. However, high computation time is required for parameter tuning if a large number of modes are used. Therefore, the selection of the number of modes is important under the trade-off between the performance and reasonable computation time. From this view point, we determine the switching modes in the following way. From the observation of three-week driving data, the variation of vehicle speed highly depends on the day of week r 2 , weather conditions r 3 and the direction (to the office or to home) r 4 . As a result, six switching modes which correspond to the combination of r 2 , r 3 and r 4 have been selected in this study. Then, six segments of driving data corresponding to the six switching modes have been extracted from the three-week driving data. The detailed information on the six segments of the driving data for the design is summarized in Table 3 . Then, the sensor configuration for all the six switching conditions can be represented in (6)- (10) . 2 Minimum value of engine power x 3 Engine speed to define engine start-up x 4 Accelerator pedal position x 5 Proportional gain (1) x 6 Integral gain (1) x 7 Time constant of low pass filter (1) x 8 Torque required to motor 1 x 9 Time constant of low pass filter (2) x 10 Torque required to motor 1 at engine start-up x 11 Engine optimal speed x 12 Proportional gain (2) x 13 Integral gain (2) x 14 Power required to motor 2 x 15 Integral gain (3) x 16 Power required to battery x 17 Engine torque x 18 Motor 2 power
Motor 1 speed x 20 Motor 2 speed x 21 Engine speed x 22 Total required power x 23 Driver's demanded power x 24 Vehicle speed x 25 Motor 1 torque x 26 Min-max torque required to motor 1
Here, K(x ( j) (0)) ( j = 1, 2, ..., m) are based on the sample controller in a similar way to [8] and we select 26 design parameters for each switching controller x ( j) i (i = 1, 2, ..., 26) and the design parameters are shown in Table 4 . The location of the design parameters in the Simulink / MATLAB environment is presented in Appendix B.
Next, we set the parameters of the modified SPSA algorithm
(1/6) , δ = 0.1, k max = 150 and T = (62007, 63699, ..., 60519, 62007). The time interval set T is given from Table 3 . The initial conditions of the design parameters x ( j) i (0) are obtained from the preliminary development of the switching controller design as tabulated in Table  C .1 in Appendix C. Finally, the modified SPSA algorithm as discussed in Appendix A is applied to the training data in Table 3 . Figure 8 shows the response of the objective function J(P, K S W , r(t), (62007, 63699, ..., 60519, 62007)) after 150 iterations and the final value of the objective function is recorded at 125.07. The total computation time to obtain the final value is about 90 hours by using CPU:Intel Core i7-920 (2.67 GHz), RAM:12.0 GB. The optimal design parameters x ( j) (150) are presented in Table C .1 in Appendix C. For the three-week data (80420 s), the fuel efficiency of the proposed control scheme, i.e., F c (P, K S W , r, (0, 80420)) is 25.85 km/L, which is 47% improvement from the sample controller of the benchmark problem. Moreover, the driver's satisfaction is also maintained at 100% and the final SOC is 60%.
Remark 4.1 Note that the 26 design parameters are composed of some of the design parameters in [8] and new additional design parameters. These design parameters are selected heuristically after performing some preliminary experiments.
Discussion
This section presents some properties of the designed controller towards improving the fuel consumption. Since our method is based on a model-free approach, it can be used even when the relationship between the fuel consumption and the controller is unknown. Thus, the proposed method allows us to tune controllers for a short development period. Namely, it will be a practical solution to engineering problems. Contrary to this advantage, it is in principle difficult to clarify the mechanism of improving the performance because the model-free approach deals with the system as a black box. That is, the disadvantage is in exchange for the above benefit and hence it is unavoidable as long as one takes the model-free approach.
However, it may be worth comparing the designed controller with the benchmark one in detail. Table 5 shows the simulation results of the total power of the engine, motor 1 and motor 2 in three weeks driving data. These performances are obtained for both the benchmark and our switching controllers, and thus may be a good indicator to clarify the fuel efficiency improvement. From Table 5 and Table C .1, we obtain the following observations:
(i) The optimal design parameters near to 1 (e.g. x 3 , x 7 , x 14 and x 21 ) in Table C .1 can be considered not important parameters in order to improve the fuel efficiency since they remain the same as the original benchmark controllers.
(ii) Table 5 shows that the designed controller yields a much lower total engine power than the benchmark one in three weeks driving data, which would contribute to save the total fuel consumption. Moreover, in terms of the total distance (km) per 1 kW engine power, which is called engine power efficiency, the designed controller is also better than the benchmark controller. This can be also seen Table 5 Simulation results of the total power for the engine, motor 1 and motor 2 in three weeks driving data. from the responses of the engine torque y 7 and the engine power y 8 in Fig. 9 . Here, the top, middle and bottom sub-figures show the responses of the target vehicle speed u 1 , the engine torque y 7 and the engine power y 8 , respectively, during short time interval of the driving mode j = 1. In the middle and bottom sub-figures, the benchmark and designed controllers are represented by a gray and black lines, respectively. It shows that the designed controller produces a lower engine power during the acceleration and constant vehicle speed compared to the benchmark case. This might be interpreted as follows: The optimal values of x 2 and x 22 are smaller than 1 , while x 1 and x 5 are greater than 1 for all switching conditions in Table  C. 1. These parameters may improve the engine ignition and fuel shut-off time of engine accelerator pedal, which contribute to the engine power reduction and less fuel consumption.
(iii) The designed controller produces a lower total motor 1 power than the benchmark case for both power polarity as depicted in Table 5 . This would be partly due to the optimal design parameters x 8 , x 9 , x 10 , x 12 and x 13 in Table  C .1, which are smaller than 1 result in a much lower motor 1 torque. Figure 10 shows the responses of the motor 1 revolution speed y 9 , the torque y 10 and the power y 11 in the top, middle and bottom sub-figures, respectively, for both benchmark and designed controllers. It is plotted in the same time interval as in Fig. 9 . From the response of the motor 1 power y 11 in Fig. 10 , it can be seen that the designed controller yields a much lower positive and negative powers. On the other hand, it is important to highlight that the designed controller successfully reduces a large waste power to the plant due to this low total negative power. This is because, when the negative torque y 10 is applied, the revolution speed y 9 gradually changes its rotation in negative direction due to low power from the engine. However, for the benchmark case, the y 9 response still rotates in a positive direction due to high power from the engine. These phenomena can be clearly seen from Fig. 10 . As a result, the designed controller has a good potential in reducing the waste power in motor 1, which Fig. 9 Responses of the engine torque y 7 and power y 8 for the driving mode j = 1. Fig. 10 Responses of the motor 1 revolution speed y 9 , torque y 10 and power y 11 for the driving mode j = 1.
generally improves the HEV performance.
(iv) The demanded driving and braking powers, which are fedback to the motor 2 controller through x 23 gain (as shown in Fig. B.1 ) produce a significant effect to the motor 2 performance, especially during the weekday's return mode. Therefore, a larger x 23 gain is required for j = {5, 6} (as shown in Table C .1) because the higher number of acceleration and deceleration occurs. On the other hand, Table 5 shows that the designed controller results a lower total motor 2 power compared to the benchmark controller during the acceleration period due to low demanded driv- ing power. It shows that motor 2, which is generated from the battery may drive the HEV using low power without degrades the driver's satisfaction performance S d . In contrast, during the deceleration period, the designed controller yields a higher total motor 2 power than the benchmark case due to high demand of braking power. It indicates that the designed controller produces a better regenerative braking power for charging the battery than the benchmark controller. The previous arguments can be clearly supported through the responses of the motor 2 torque y 13 and motor 2 power y 14 in Fig. 11 for both benchmark and designed controllers with respect to the given target vehicle speed u 1 . Here, only short time interval of the driving mode j = 5 is considered. As a result, we may justify that the designed controller uses low power to drive the HEV system while improving the regenerative braking power for the deceleration period.
Conclusion
In this paper, switching controller design for HEV system has been addressed. The optimal switching controller shows a potential for improving the fuel efficiency by up to 47% with 100% driver's satisfaction as compared to the sample controller. It has been also shown that this performance also does not affect the state of charge. In this sense, the proposed controller is more practical for HEV systems than the existing controllers. for k = 0, 1, .... In (A. 2), g(x(k)) is the estimation of the gradient at the iterate k, which is given by
. . .
where a k = a/(A + k) α ∈ R + and c k = c/(k + 1) γ ∈ R + for some given nonnegative numbers a, A, α, c, and γ and ki is the random number drawn from the Bernoulli distribution
and k is the corrective vector. Note that, the selection of nonnegative coefficients a, c, A, α and γ will be performed by some guidance reported in [13] . Then, the SPSA algorithm consists of the following steps:
Step I: Select the non-negative coefficients a, c, A, α and γ for the SPSA gain sequences a k = a/(A + k) α and c k = c/(k + 1) γ . Set the initial conditions of the design parameters x(0) and set k = 0.
Step II: If a pre-specified termination criterion is satisfied, the algorithm terminates with the solution x * := arg max
f (x). Otherwise, go to Step III.
Step III: Generate n-dimensional random perturbation vector k .
Step IV: Obtain two values of the objective functions f (x(k) + c k k ) and f (x(k) − c k k ).
Step V: Calculate the vector g(x(k)) in (A. 3).
Step VI: Apply (A. 2). Set k = k + 1 and then go to Step II.
In the algorithm, an example of the termination criterion in Step II is based on the maximum number of iterations; i.e., the algorithm terminates after a user-determined number of iterations k max .
In [8] , a modified version of the SPSA algorithm has been proposed. There, in order to avoid a stagnation problem in unfeasible region and obtain more stable convergence, a saturation function sat δ (·) has been introduced in (A. 2). That is, sat δ (a k g(x(k))) , (A. 5) where the value of δ is arbitrarily chosen after performing some preliminary experiments. Note that the improved update law in (A. 5) is adopted in the proposed method in this paper.
Appendix B Design Parameters in Simulink / MAT-LAB
The locations of the design parameters in Simulink are represented in Figs. B.1-B.5 . Also the diagram of the switching 
